To understand neural circuits that control limbs, one must measure their activity during 2 behavior. Until now this goal has been challenging, because the portion of the nervous 3 system that contains limb premotor and motor circuits is largely inaccessible to large-4 scale recording techniques in intact, moving animals -a constraint that is true for both 5 vertebrate and invertebrate models. Here, we introduce a method for 2-photon 6 functional imaging from the ventral nerve cord of behaving adult Drosophila 7 melanogaster. We use this method to reveal patterns of activity across nerve cord 8 populations during grooming and walking and to uncover the functional encoding of 9 moonwalker ascending neurons (MANs), moonwalker descending neurons (MDNs), and 10 a novel class of locomotion-associated descending neurons. This new approach 11 enables the direct investigation of circuits associated with complex limb movements. 12 13 Limbs allow animals to rapidly navigate complex terrain, groom, manipulate objects, and 14 communicate. In vertebrates, neural circuits in the spinal cord coordinate the actions of 15 each arm or leg. Circuits within the thorax perform comparable tasks in insects. The 16 thoracic segments of the fruit fly, Drosophila melanogaster, house the ventral nerve 17 cord (VNC) which is a fusion of three thoracic and eight abdominal ganglia. The VNC 18 contains six spherical neuromeres, each controlling one leg, a flat dorsal neuropil 19 associated with the neck, wing, and halteres, and a set of intermediate neuropils 20
Introduction
In addition to resolving the functional properties of previously identified neurons, 114 our method facilitates the discovery of novel cell classes that are active during walking, 115 grooming, and other behaviors involving the limbs or abdomen. As a proof-of-concept, 116 we selected four split-GAL4 lines 25 that drive sparse expression in pairs of descending 117 neurons 22 whose axons project to leg neuromeres in the VNC (classes DNa01, DNb06, 118 DNg10, and DNg13). Among these, we found that DNa01 neurons -hereon referred to 119 as A1 cells -were active in a manner that was clearly linked to locomotor state 120 (A1>GCaMP6s; tdTomato)( Fig. 5a-b and Supplementary Video 9). The activity of left 121 and right A1 neurons were not highly correlated ( Fig. 5c and Supplementary Fig. 2c ; 122 Pearson's r = 0.53 ± 0.17, n = 4 flies). Therefore, we investigated the response 123 properties of the left and right cells separately. We found that although the activities of 124 both cells are linked to forward walking, events associated only with left A1 activity were 125 correlated with positive medial-lateral and yaw rotations, or rightward turning by the fly 126 ( Fig. 5d and Supplementary Video 10; n = 1644 events from 4 flies and 8784 s of IFMs after 7 days post-eclosion (dpe) when raised at 25ºC ( Fig. 6a-b ). This loss results 141 in highly elevated or slightly depressed wings, phenotypes identical to those seen in 142 IFM developmental mutants 28 . The heterozygous Act88F:Rpr transgenic background 143 greatly accelerated the dorsal thoracic dissection. Although the imaging data in this 144 manuscript were performed without the Act88F:Rpr transgene, we envisage that this 145 genetic reagent will greatly simplify and accelerate use of this method in the 146 neuroscience community. 147 Here we have described a new preparation that enables the visualization of 148 genetically identified neurons in the VNC and cervical connective of Drosophila during 149 behavior. We can record the activity of entire neural populations (Fig. 2) or measure the 150 encoding of known ( Figs. 3 and 4 ) and novel sparse cell classes (Fig. 5) . This method 151 fills a critical gap in the study of sensory-motor pathways and serves as a complement 152 to ongoing genetic behavioral screens 23, 29, 30 Fluorescent microscopy of hemi-thoraces was performed as described previously 32, 33 .
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Briefly, flies were anesthetized and their heads and abdomens were then removed.
172
Thoraces were fixed overnight in 4% paraformaldehyde at 4°C and rinsed in 1x Fig. 2a ). The VNC was located using microscope 243 oculars and then aligned to the center of the field-of-view using 2-photon microscopy.
244
The spherical treadmill was an aluminum rod with a ball-shaped hole milled near 245 its tip 18 . We fabricated 10 mm diameter foam balls (Last-A-Foam FR-7106, General for the anterior-posterior, medial-lateral, and yaw axes as described in 18 .
279
Pan-neuronal image registration, ROI identification, and fluorescence processing 280 (related to Fig. 2 ) 281 We observed that large tissue deformations could occur during behavior. Therefore, we 282 performed post-hoc registration of pan-neuronal imaging data. To do this, we registered 283 all frames of an imaging experiment with one reference image. Because the complexity 284 of the deformations could not be captured by simple parametric motion models (e.g., 12 affine transformations), we used a non-parametric, variational approach, designed to (2)
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The first term models the standard assumption of conservation of intensity along the 302 trajectory of each pixel. It is defined by . As a result, the estimation is guided by reliable feature matches. We found 318 that it is necessary to keep a standard data term (3) defined on the GCaMP6s imaging 319 channel, because the tdTomato channel may not provide information in some regions of 320 the image. The parameter ߛ balances the two terms in (2).
321
We solved the optimization problem (1) with an alternated direction method of 322 multiplier (ADMM) algorithm 40 . We introduced two splitting variables, associated with the 323 regularization and the feature matching terms, respectively. Each sub-problem of the 324 algorithm was solved analytically. We used parts of the inverse problems library Contours of all detected objects were then presented to the user for manual selection.
341
Once these reference ROIs were selected for left and right neurons, we used a cross-342 correlation-based image registration algorithm 43 to identify the most likely left and right 343 ROIs for each image frame based on those manually selected on the reference frame. across experiments investigating a single class. We set this threshold for the derivative 361 value as the 97.5 th percentile for MDNs and dMANs and 90 th percentile for A1 neurons.
362
A lower threshold value was selected for A1 neurons because many more fluorescence Events chosen for behavioral summary videos were chosen from automatically detected 401 events as described above. For dMANs, events were manually selected from those that 
